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-Quantitative measurements on electron micrographs of heart muscle can yield information useful for cellular physiologists and at present not obtainable in other ways. These methods are subject to preparative artifact, sampling problems, and problems inherent in the mathematical description of ultrastructure.
Nevertheless they provide the best available data for membrane areas of the plasmalemma and its components, as well as for membrane areas of the sarcoplasmic reticulum and mitochondria.
Morphometric methods can be used to study growth of membranes.
Changes in the volumes of intracellular membrane-limited subcompartments can also be measured.
Quantitative analysis of freeze-fractured membrane replicas can be carried out either by a statistical approach or by optical diffraction.
In this way, physiological perturbations or developmental events leading to changes in membrane permeability can be studied for correlated changes in membrane structure. heart muscle; plasma membrane; T system; nexus; sarcoplasmic reticulum; mitochondrial cristae ELECTRON MICROGRAPHS of heart muscle can be analyzed to obtain quantitative data about membrane areas and membrane structure in heart muscle cells. The application of this analysis to the plasma membrane, sarcoplasmic reticulum, and mitochondrial membranes provides quantitative structural information needed by cell physiologists interested in cardiac membrane physiology. This review will consider quantitative measurements made on ultrathin sections of fixed heart muscle photographed by transmission electron microscopy (TEM) and on electron micrographs of membrane replicas prepared from freeze-fractured tissue. The methods applied to thin sections include the use of map readers and planimeters, point and intersection counting ("stereology"), and other morphometric techniques (9, 15, 37, 39, 42, 74, 75). These methods yield values for the areas of the various types of membranes in myocardial cells and for the volumes of cells and of membrane-limited cellular subcompartments. The methods applied to freeze-fractured membrane replicas yield data on the size, spacing, and distribution of particles and other structures dispersed in the membrane (1, 29, 37, 39, 42) . STRUCTURALASPECTSOFCARDIACCELLULARPHYSIOLOGY Morphometry of thin sections obtained by TEM is useful for problems in membrane physiology that depend on a knowledge of membrane area. Examples of the application of such morphometric data to the membrane physiology of heart muscle have included the following: determination of the membrane area of highresistance plasmalemma for the purpose of expressing solute fluxes (52), ionic conductances (22, 23), and membrane capacitance (23, 43) in absolute units (moles, mhos, and farads per unit area of membrane); measurement of isotopic potassium fluxes across lowresistance (nexal) junctions between myocardial cells with concomitant morphometric estimation of nexal membrane area (73); determination of the membrane area of sarcoplasmic reticulum (SR) (47, 49) and mitochondrial cristae (69, 70) relative to the volume of myofibrils for which these two membrane systems serve, respectively, as a critical control system for contraction and relaxation (the SR) and the primary source of energy (ATP) supply (the cristae); measurement of volume changes in membrane-limited subcellular compartments (SR and mitochondria) in intact hearts after osmotic perturbations or alterations in extracellular ionic composition (55); and compartmental analysis of heart muscle by the simultaneous use of both extracellular tracers and morphometry to estimate cellular and extracellular volumes (61). These selected examples of morphometry represent applications of morphometry to frequently encountered aspects of classical cardiac membrane physiology. In addition 0363-6143/78/0000-0000$01. . In mammalian heart muscle, an in vivo compartmental analysis with isotopitally measured extracellular tracers yielded the same values for cell volume and extracellular volume as a morphometric analysis performed after fixing the same hearts and processing them as for TEM (61). For the freeze-fracture method, the structural distortions introduced during preparation are just beginning to be studied (8, 19, 25, 58) . Thus, in order to validate morphometric data, it is desirable to confirm them by other methods (46, 49).
A discussion of morphometric theory, for which the reader is referred to the appropriate monographs and reviews (9, 15, 74, 75), is beyond the scope of this article. Physiologists using data obtained by morphometry should, however, be aware that the equations used to calculate membrane areas from morphometric data are derived on the basis of simplifying assumptions. Thus, assumptions are made about the extent, orientation, and shape of heart muscle cells, membranes, and intracellular membrane-limited structures. If, as often happens, the assumed model corresponds only partially to the geometrical arrangement of membranes in the tissue, the equations based on this model may lead to systematic over-or underestimation of membrane areas.
MORPHOMETRY
OF CARDIAC MUSCLE EXAMINED BY TEM This section will tabulate and discuss selected morphometric data obtained by TEM of fixed heart muscle that has been examined in thin, sections stained with salts of uranium and lead. The following two sections (also dealing with TEM) will consider, respectively, the changes in the volumes of membrane-limited intracellular subcompartments in response to experimental perturbations, and the growth of some of these membrane systems.
Components of the Plasma Membrane TEM and freeze-fracture techniques show that the plasma membranes of both myocardial cells and Purkinje fibers are each made up of several structurally differentiable components (18, 41, 48, 63) . Among the identifiable components that have been measured in myocardial cells are the external sarcolemmal envelope, the T system, the caveolae, the areas of diadic junctional complexes of the plasmalemma with subjacent terminal cisterns of the SR, the gap junctions or nexuses, the insertions of the myofibrils into the ends of the cells (fasciae adhaerentes), and the desmosomes. The caveolae and diadic junctional complexes are distributed over the surfaces of both external sarcolemma and T system. In adult ventricular heart muscle the nexuses, fasciae adhaerentes, and desmosomes are localized predominantly to the ends of the cells. In the plasmalemma of atria1 muscle and Purkinje fibers, (Table l) , and this figure is surprisingly large. Moreover, about 75% of the plasmalemmal area so involved is localized in the T system. Indeed, about half of the area of the plasmalemma in the T system of rat left ventricle and 21% of the corresponding area in rabbit papillary muscle (Table 1) are involved in diadic junctions with underlying terminal cisterns. By contrast, such junctions are relatively rare (7.7% and 3.2% of total membrane area, respectively) at the external sarcolemmas of these two tissues. Nexal contacts between cells occupy only a small fraction of the total cell surface. It seems probable that the morphometric technique underestimates the membrane area of the gap junction because nexuses oriented obliquely (tilted) or tangent to the plane of section may be missed by the analysis. Matter (38) attempted to determine the effect of section tilting on the gap junction area in the rat by the use of a goniometer. The estimate of mean nexal area per unit cell volume calculable from Matter's data is somewhat smaller than that in Table 1 , perhaps because of differences in the assumptions underlying the two morphometric determinations.
Component
Rabbit The external sarcolemmal envelope of mammalian ventricular heart muscle, like that of amphibian skeletal muscle (12), is plicated at periodic intervals along the length of the myocardial cell (33). The resulting sarcolemmal folds are always oriented perpendicularly to the long axis of the cells. The model underlying the equations used to derive the data in Table 1 takes these folds into account (72). Although sarcolemmal folds can be caused to unfold by passive stretch (12, 33), the data in Table 1 are, to a first approximation, independent of the degree of sarcolemmal folding, at least over the range of sarcomere lengths that occur under physiological conditions. Sarcolemmal folds are also a prominent feature of cardiac Purkinje fibers (22, 43). Table 2 gives membrane areas for mitochondrial respiratory membrane (mitochondrial cristae plus inner membrane), as well as for the cisternal and noncisternal parts of the SR. The data are for myocardial cells of rat left ventricular free wall, for which additional data are given in Tables 1 and 3. In Table 2 the units of reference for the areas of mitochondrial and SR membranes are myocardial cell volume and also myofibrillar volume. By referring these membrane areas to the volume of the myofibrils, one can express the amount Cl50 E. PAGE of each membrane with respect to the volume of the organelle to which it is functionally most closely related: as a supplier of ATP to the contractile system (the cristae) and as a control system for contraction and relaxation (the SR). In rat left ventricular myocardial cells, the area of mitochondrial respiratory membrane per unit cell volume exceeds that of SR by 16-fold (Table 2 ) and of the total plasmalemma (exclusive of caveolae) by about 41-fold (Tables 1 and 2 ). This fact helps to explain why, when membrane vesicles of fragmented SR and plasma membrane are isolated by centrifugation from homogenates of heart muscle, they are invariably contaminated with fragmented mitochondrial membranes, with sedimentation characteristics similar to those of fragmented SR and plasma membrane. As indicated in the table, all values of membrane area for both SR and cristae are minimal estimates, again due to systematic errors in the morphometric method. In this case the errors result from the fact that the spatial extent of the structures analyzed may be only slightly greater than the thickness of the plane of section; that some structures (particularly the cisternal and noncisternal SR components oriented transversely to the long axis of the cell) may be sectioned tangentially;
and-that the equations used to calculate area are relatively insensitive to transversely oriented components of the SR. Tables 2 and 3 is, however, too timeconsuming to be practically useful; a more suitable method is the use of a device for sizing the crosssectional areas of SR tubules (55). It is of interest to convert the relative membrane areas and volume fractions in Tables l-3 into (Tables i--3) , the membrane and organelle contents of single rat myocardial cells could be obtained by multiplying the tabulated values by 24 x lo3 J-Lrn:' (the approximate volume of a single myocardial cell for rats with body weights corresponding to these data). Alternatively the absolute membrane and organelle contents in a given dry weight of rat left ventricle can be derived if the total volume of myocardial cells per unit dry weight and the density of the tissue are known. Polimeni (61), using a combination of morphometric and tracer techniques in the author's laboratory, has measured with unusual precision the cell water content per unit dry weight of rat left ventricular free wall. After subtracting the volume of the T system (reckoned as "cellular"
in Tables l-3 )) Polimeni's morphometric value for the cell volume and his tracer measurements for cell water content were, respectively, 2.46 cmVg dry wt or -2.46 g cell water/g dry wt (0.57 cm3/g wet wt or -0.57 g cell water/g wet wt). The volume and weight of cell water are not exact indices of cell volume, but can be used as a rough approximation (in converting tissue weight and volume for use in Tables 1-3, 1 cm:] = 101' ,um3). For the female Sprague-Dawley rats from whose hearts the data in Tables l-3 were derived, the weight of the left ventricular free wall + interventricular septum (W& is a linear function of body weight (W,) over a range of body weights from 40 to 300 g; the regression equations, which have a correlation coefficient of + 0.99, are WL\.,,, = 52.45 + 1.98 W, and WLi-Cir, = 9.32 + 0.49 W, when ventricular weights (WJ are expressed on a basis of milligrams wet weight and dry weight, respectively, and W, is given in grams (72). It should thus be possible to make approximate predictions of the membrane and organelle contents of rat left ventricles from body weight. For example, given that there are about 2.46 x 1012 ,urn:' myocardial cells per gram dry left ventricle and that for a 250-g rat the left ventricular dry weight is 131.8 mg, then the total volume of cells is (0.1318)(2.46 x 1012) = 324.2 x 10" pm:' and the total external sarcolemmal area = (0.31)(324.2 x log) = 100.5 X 10" pm% Similarly, one could derive the left ventricular content of each of the membrane types and organelles from the rat data in Tables l-3. If myocardial cell volume is in fact 24 x 10" ,urn" (30, 62), then there are 324 x log/24 x lo;{ = 13.5 x 10" myocardial cells in left ventricles of this size, and the average contents of each membrane type and organelle in a single myocardial cell can readily be computed. Figure 1 shows the frequency distributions of SR crosssectional areas obtained in -intact rat hearts perfused through the coronary circulation with solutions of two different osmolalities and then fixed. Figure 2 is plasmalemma + T system)/(unit cell volume). For rat aortic constriction (49). Over the somewhat narrower left ventricle this relationship was also found to hold range of body weights examined (2.5-4.0 kg), the relaapproximately for growth stimulated by thyroxin or by tionship also predicted the growth of plasma membrane (Fig. 3) have confirmed these conclusions for rat ventricles of 75 to 300-g rats. For unknown reasons, the conclusion does not hold for ventricles from very small rats (72).
Growth of gap junctional membrane. Figure 4 shows that the area of gap junctional membrane that electrically couples rat ventricular myocardial cells is signifi- cantly greater for the small myocardial cells of very young animals than for the larger cells of older animals; the figure shows further that nexal area per unit cell volume approaches a constant value relatively early during postnatal growth of the heart (72). A larger gap junctional area per unit myocardial cell volume in myocardial cells from small animals was also found in rabbit right ventricular papillary muscles (72). In the author's laboratory, Stewart (73) has measured the longitudinal self-diffusion of 42K across nexal couplings in the same papillary muscles subsequently used for morphometric determination of nexal membrane area. He showed that longitudinal self-diffusion occurred at the same rate in papillary muscles from large and small rabbits, even though in smaller animals nexal impediments to sarcoplasmic diffusion are encountered at shorter intervals along the diffusion path. Growth of SR . In rat left ventricle an interesting relationship also exists between the total membrane area of the SR and the respective volumes of the myocardial cell and myofibrils. Both ratios (area SR/ cell volume, area SR/myofibrillar volume) remain constant during the entire interval of postnatal growth examined (a range of body weights of 36-227 g). As already discussed, the more fundamental relationship from a physiological viewpoint is that between SR membrane area and myofibrillar volume (47).
Growth of mitochondrial respiratory membrane. In the third curve in Fig. 5 , the area of respiratory membrane per unit of mitochondrial volume for rabbit left ventricle is plotted against age in days before or after birth. The measurements were made during a developmental period when two stimuli of particular physiological interest are acting to promote the accumulation of respiratory membrane (70). The interval chosen is that from 3 days before birth to 4 days after birth. It includes the neonatal transition from partially anaerobic metabolism to aerobic metabolism. This transition is brought about at birth by the functional closure of the ductus arteriosus and foramen ovale, the fall in pulmonary vascular resistance, and the initiation of air breathing by the lungs. At the same time the occlusion of the placental shunt raises the resistance to flow in the systemic arterial circuit and thereby increases the work done by the left ventricle in ejecting blood. Figure 5 shows that this transition is accompanied by an increase in the cellular concentration of mitochondria and an even larger increase in the cellu- DAYS BEFORE (0) OR AFTER (+) BIRTH lar concentration of myofibrils. The mitochondria become more densely packed with respiratory membrane, as measured by the area of respiratory membrane per unit mitochondrial volume. At the same time, the area of respiratory membrane per unit myofibrillar volume functionally significant subunits. It was recognized by increases, i.e., the amount of ATP-producing mem-classical light microscopists (31) that mammalian heart brane increases more rapidly than the amount of the muscle, unlike fast skeletal muscle, falls into the Functional subunits in myocardial cells. These selected examples of membrane participati .on i n the growth of myocardial cells have raised two new issues about the division of mammalian heart muscle into organelle that consumes most of the ATP.
category of "Felderstruktur." This terminology recogIt is noteworthy that in ventricular heart muscle the nized that the contractile material is not organized into discrete myofibrils; instead, the interior of the heart respective areas of respiratory membrane per unit cell volume, per myofibrillar unit mitochondrial volume, and per unit volume also change in several other funcmuscle cell is material within occupied by which other a matrix organelles of contractile appear to be tional states (69). Moreover, these ratios vary directly embedded. However, the observation that the area of among various mammalian species in approximately plasma membrane (external envelope + T system) per the same sequence as that for the heart rate characterunit cell volume is constant during growth suggests istic of the species (46). A similar interspecies variation that one role of the T system may be to divide the with heart rate prevails for the membrane area of myofibrillar matrix of ventricular heart muscle into diadic junctional coupling between plasma membrane functional units; the similar constancy of the memand terminal cistern of SR, again referred to myofibrilbrane area of SR per unit myofibrillar volume is lar volume (E. Page and M. F. Surdyk, unpublished particles would be based on the electrophysiological observation that more or less ion-specific channels for Na, K, Ca, and perhaps Cl become detectable at rather sharply defined stages in the embryonic development of the heart (3, 40, 71). It seems useful to determine at each such stage whether the appearance of a change in membrane permeability is associated with the appearance of a new population of membrane particles or with a change in the existing population.
A positive result would suggest identification of particles with transport mechanisms, though it would not by itself be conclusive.
Negative results are more difficult to interpret: a given transport mechanism may not manifest itself as a particle, or a preexisting "particle" may change from an inactive to an active transport mechanism without undergoing a structural change detectable by the freeze-fracture method. rather widely with little apparent order, as are the caveolar necks; the particles and pits on the nexal fracture faces are, on the other hand, closely spaced and usually arrayed in a more or less regular polygonal pattern. For widely dispersed particles and structures, the surface density and distribution of each type of particle recognizable in the fracture faces may be determined by some convenient technique. One such technique is to place the print on a digitizing tablet and to store information about the spatial distribution of particles in a computer by means of a digitizing probe (39, 42). The questions to be answered are whether there are changes in the surface density (number of particles per unit area) and the type of particle distribution (random or other). The hypothesis to be tested is that a permeability change at a particular developmental stage or in response to a particular experimental perturbation is associated with a change in surface particle density or with a transition from one statistical distribution of particles to some other distribution.
The expectation that such changes may be found in freeze-fractured heart muscle membranes derives from a growing number of observations on other tissues (4, 7, 26, 42, 77). In all these systems, the precondition underlying changes in the distribution of particles and structures observed with freeze fracture is the lateral mobility of these membrane components in the plane of the For a quantitative description of the gap junction, as it appears in the membrane fracture face, it has proved expedient to apply optical diffraction analysis to the replica of the gap junction (1, 28) . This technique transforms the image of the object (a negative transparency of the electron micrograph of either of the two fracture faces of the gap junction)
into its Fourier components. The transformation makes it possible to do spatial filtering in the plane of the transform, thereby modifying the image. Optical analysis and spatial filtering facilitate recognition and measurement of the periodic structure and its orientation. At the same time, periodic or random background patterns, which often interfere with visual interpretations, can be removed; the residual structures, which are presumably the features of interest, can thus be more closely defined.
With the use of an optical diffractometer, it is possible to determine to what extent the particles in the gap junction are organized as a hexagonal lattice and to estimate the particle-to-particle spacing for both fracture faces. The analysis can also be applied to en face sections of the gap junction obtained by TEM of fixed tissues (i.e., to sections cut parallel to the plane of the membrane or to similarly oriented, negatively stained nexuses); such en face sections also show the approximately hexagonal subunit structure of cardiac nexuses. They can therefore be used to check on the effect of the preparative procedure on the diffraction pattern of freeze-fractured membrane replicas. At this writing, tissue fractionation resulting in isolation of gap junction membrane fragments satisfactory for diffractometry has not yet been reported for heart muscle; when such isolation is achieved, it should become possible to use data from optical diffraction of negatively stained gap junctions for a reconstruction of the gap junction (6, 35).
Optical diffraction of freeze-cleaved gap junctions in rat Graafian follicles has been reported by Amsterdam et al. (1) . Figure 6 presents a similar analysis from the author's laboratory for the gap junction of the bovine cardiac Purkinje fiber. The imperfections in the quasihexagonal first order reflection suggest that, in common with permeable gap junctions from other tissues, the cardiac gap junctions manifest considerable shortrange disorder (6), that is, the packing in the fracture face of the connexon units containing the permeable channels (6, 35) is imperfectly hexagonal. Preliminary diffractometric studies on freeze-fractured replicas of gap junctions from rat and rabbit ventricular myocardial cells (E. Page and J. Upshaw-Earley, unpublished observations)
indicate that the range of inter-particle spacing for junctions from electrically coupled cells is B-10 nm. Accordingly, both the range of interparticle spacing and the presence of short-range disorder in the hexagonal array from cardiac nexuses resemble the result obtained in the much more extensive measurements reported for other tissues (6, 35, 57, 58 
CONCLUSIONS
Quantitative measurements on electron micrographs of heart muscle can yield information useful for cellular physiologists and at present not obtainable in other ways. These methods are subject to preparative artifact, sampling problems, and problems inherent in the mathematical description of ultrastructure. Nevertheless they provide the best available data for membrane
